ABSTRACT This paper presents a nonlinear fault-tolerant control (FTC) and sensor fault diagnosis for longitudinal dynamics of hypersonic flight vehicle. A nominal sliding mode control is developed to track the reference command of velocity and altitude on the basis of an affine nonlinear dynamic model. A nonlinear adaptive observer is proposed to estimate the fault in velocity system. The fault in altitude system is estimated using the coupling item as an estimation item through a backstepping sliding-mode observer to achieve an estimation performance better than that of the original adaptive observer. The estimation results are used to design a nonlinear FTC to compensate the multi-sensor faults. The stability of the controller is analyzed through Lyapunov theory. Numerical simulation results demonstrate the validity and robustness of the proposed controller and observer.
I. INTRODUCTION
Hypersonic flight vehicle (HFV) is a new aerospace vehicle flying in near space (20-100 km from the ground) at a velocity of at least 5 times the speed of sound. Much attention has been paid to HFV in recent years because of its many advantages in launch cost, rapidity, space transportation, and global strike. Compared with those of traditional aerospace vehicles, the dynamics of HFV are characterized by strong nonlinearity, coupling, and fast time variance. HFVs are sensitive to changes in flight conditions and peculiar structure owing to their flight conditions of high altitudes and Mach numbers [1] . Thus, the design and structure of modern control systems become increasingly complicated and result in the upsurge of the component amount. The HFV flight environment is the near space, where the atmospheric density, temperature, and pressure exhibit characteristics different from those of ordinary aircraft environment. The components, such as sensors, may become faulty collectively, thereby probably causing system performance reduction or instability. By this time, hardware redundancy technology for sensors is inoperative. Therefore, we can use the analytical redundancy technology, estimate the fault, and apply fault-tolerant control (FTC) [2] - [7] to compensate for the fault and thus ensure system stability and improve system reliability.
Various approaches are recently applied to the control of HFVs. Considering the different types of HFV dynamic model, control methods vary accordingly, such as adaptive control, fuzzy control, dynamic surface control, robust control, and sliding mode control (SMC) [8] - [20] . Given the complexity of the HFV system, these methods are not utilized alone but are usually combined with one another to improve the control effect. An adaptive output feedback FTC is developed for the longitudinal dynamics of a generic HFV in [1] . Issues related to fault diagnosis and FTC based on the adaptive control approach of HFV are discussed in [8] . In [9] , the discrete-time neural controller is designed using the single-hidden layer feedforward network for the longitudinal dynamics of a generic HFV. In [10] , a robust reliable control is proposed for HFV with parametric uncertainties and actual faults. In [13] - [20] , diverse SMC methods are used to realize the relative given control objectives considering the linearization accuracy, system uncertainties, and disturbances. In general, SMC is widely used in HFV control because its requirement for model structure is not fixed and it is insensitive to the parameter uncertainties and disturbances. Therefore, this study uses this technique to design a nonlinear controller.
Although some good control performance has been achieved, sensor faults of HFV have been rarely explored. Sensor faults, such as constant offset, occur in HFV owing to the extreme special flight environment and the complexity of the model structure. Once sensor faults occur and are not processed, the actuators receive incorrect signals and thus produce an error response with devastating consequences. Therefore, the fault diagnosis and FTC for HFV with sensor faults should be conducted. Gao [21] investigated a robust fault tolerant tracking for a linearized HFV with bounded external disturbance and the sensor fault. Lei [22] designed a sensor FTC of a flexible air-breathing HFV. In [23] , a fuzzyobserver design for Takagi-Sugeno fuzzy models with sensor faults and output disturbances. To the best of our knowledge, study on sensor fault diagnosis and FTC for HFV concentrates mostly on the approximated linearized model. Unlike the original nonlinear system, the coupling phenomenon between the state vectors of the linear system is not obvious, and multiple failures need not be considered. Furthermore, the mismatch between the linear and nonlinear models can damage the control performance, which cannot be ignored. In this study, we consider the coupling effect of nonlinearity and design the observer and FTC which can deal with this effect.
We propose a fault estimation scheme and a nonlinear FTC for HFV with multi-sensor offset faults through sliding mode, adaptive, and backstepping, which are applied to the system with parameter uncertainties and input disturbance. Feedback linearization technology is adopted to change the nonlinear equations of HFV into an affine nonlinear form [25] - [27] . We design a sliding manifold containing the output error, the derivative of the output error, and the integral of the output error to reduce the effect of parameter uncertainties and then present the nominal SMC based on the affine form. Considering the occurrence of multi-sensor offset faults, a nonlinear adaptive observer and a backstepping slidingmode observer (SMO) are developed for velocity and altitude channels, respectively. Given the coupling effect that velocity channel sensor fault exerting to altitude channel, the altitude system parameter can change and severely affect the estimation result of the altitude channel sensor fault. The backstepping SMO technology regards the affected system parameter as an estimation item and then estimates this item and the sensor fault at the same time. This way improves the accuracy of the estimation and systematizes the design processčwhich is the main innovation of this paper. A nonlinear FTC is constructed on the basis of the estimation results and good performance can be achieved.
The rest of the paper is organized as follows. Section 2 presents the affine model of HFV with multi-sensor offset faults via the input-output feedback linearization. In Section 3, a nominal SMC for HFV is proposed first and then a nonlinear adaptive observer and a backstepping SMO are developed. Thereafter, a nonlinear FTC is designed to compensate for the sensor faults. Several simulations are given to demonstrate the effectiveness of the fault estimation algorithm and FTC scheme and their applicability to the parameter uncertainties and input disturbance situation in Section 4. Finally, the conclusions of the study are elaborated in Section 5.
II. VEHICLE MODEL AND PROBLEM FORMULATION A. LONGITUDINAL DYNAMICS OF HFV
This study concentrates on a longitudinal dynamic model of the HFV developed at NASA Langley Research Center. The longitudinal dynamics of HFV model can be described by a set of differential equations for velocity V , flight-path angle γ , altitude h, angle of attack, and pitch rate q as [33] :
where T , L, D are drag, lift, and thrust, respectively; M yy is the pitching moment; I yy is the moment of inertia; µ is the gravitational constant; ρ is the density of air; S is the HFV's reference area; r is the radial distance from Earth's center; r = h + R e , where R e is the earth radius. Forces and moment are approximated as follows:
Their coefficients are shown as follows:
Other parameters can be found in [24] ; The engine dynamics are modeled by a second-order system as follows:
where β Tc is the command signal of engine fuel equivalence ratio.
In this study, we consider the elevator deflection δ e and the throttle setting 
B. INPUT-OUTPUT LINEARIZATION
Input-output linearization technology is an effective method for the controller design of a nonlinear system. The nonlinear system can be transformed into a linear system through this method when the relative degree condition is satisfied. According to differential geometrical theory, the velocity and altitude should be differentiated to produce the control inputs β Tc and δ e in the model. The differentiation should be continued until the control inputs show non-zero coefficients. Accordingly, we can call the nonlinear model a precise linearization. A system meeting the linearization condition can completely realize input-output decoupling through the dynamic inverse system.
We define z T = [V γ α β T h] to simplify the differentiation of V and h. The results are shown as follows:
The expression of other vectors ψ 1 , ψ 2 , π 1 , π 2 can be found in [24] .
The control inputs β Tc and δ e occur in the third-order differential expression in (5) and the fourth-order differential expression in (6) . Therefore, the relative order of the system is r = 3+4 = 7. From (1) and (4), we can calculate the order of the entire system as n = 5 + 2 = 7 = r. This result indicates that the system satisfies the total-state feedback linearization conditions and has realized input-output decoupling. Synthesizing (5)- (14) yields the following affine form:
where
When the vertical path γ = ± π 2 , the matrix G(x) is singular. The path is small during the cruise phase in the actual situation. Thus, we can consider that |G(x)| = 0, which means G(x) is nonsingular and Assumption 1 is reasonable.
C. MULTI-SENSOR FAULTS
Sensor constant offset is a common fault that occurs in practice [28] , [29] . In this study, we assume that the velocity and height sensors experience this error. The offsets of velocity and height sensors can be described as
where V in and h in are the actual sensor signals, V out and h out are the measurement signals, f v and f h are the sensor faults, and t f is the failure time.
In the following parts, we will provide the controller design project for ensuring the velocity and altitude are asymptotically tracked given reference signals V d and h d under the above-mentioned sensor faults [30] - [35] .
III. CONTROLLER DESIGN
We design a nominal SMC first to track the velocity and altitude commands. A nonlinear adaptive observer and a backstepping SMO are then developed to estimate velocity and height sensor faults. Finally, an FTC is designed to compensate for the fault and improve the control performance on the basis of the fault estimation results. The overall control block diagram of HFV is given in Fig. 1 for comprehensively understanding the above-mentioned process.
A. NOMINAL SMC DESIGN
Given that the system has been decoupled, we can then design sliding mode surfaces for velocity and height as follows: 
where constants a, b > 0, and they decide the bandwidth of error dynamics above. We define s = [s v s h ] T and take the derivative of s with respect to time and thus obtaiṅ
According to the sliding mode condition, the control law can be designed as
where H and K are the positive definite matrixes and sgn(s) = [sgn(s V )sgn(s h )] T is the sign function. We consider the following Lyapunov function:
Its derivative with respect to time iṡ
From control law (28), we can ensure the system stability and realize the control objective.
Meanwhile, (30) proves that the sliding mode surfaces are attainable and the entire system is stable.
A nominal SMC law for tracking of altitude and velocity is also proposed. On the basis of the SMC law, we will consider sensor complex faults and provide the design of an FTC for HFV in the following section.
B. FAULT ESTIMATION
Considering the existence of sensor constant offset in altitude and velocity channels, the flight attitude of HFV can be significantly affected. The offset causes extremely fast lift and HFV consumes much time to achieve the given height. Therefore, we need the accurate estimation result to compensate for the controller.
The decoupling of altitude and velocity channels has been carried out in Section 2. According to (15) , the primary system can be disassembled into the following two subsystems:
Thus, the fault estimation observer can be designed separately.
1) VELOCITY CHANNEL
Then, we can obtain the velocity system as
To estimate the offset f v , the following nonlinear adaptive observer is constructed: (35) whereẋ v = [ẋ v1ẋv2ẋv3 ] T is the state estimation,ḟ v is the estimation ofḟ v , and v vc is the extra control. Cause we consider the constant offset fault, which meansḟ v = 0, the derivative of fault estimation error respect to time can be denoted aṡ
After defining the estimation error of each state as e vi = x vi −x vi , vi = 1, 2, 3, we can obtain the error dynamics as: Lemma: If a symmetric positive definite matrix P ∈ R 3×3 and matrix K ∈ R 1×3 , L ∈ R 1×3 and constant γ 1 , γ 2 > 0 exist, then the following conditions hold:
The adaptive algorithm
can realize the ultimately bounded state estimation error e v and fault estimation errorf v uniformly. Proof: Consider the following Lyapunov function:
Using (39), we obtain thaṫ
Thus, if (39) holds, then the state estimation errors and fault estimation are asymptotically convergent. Using the Linear matrix inequality method, we can calculate the required parameters, which are not detailed herein.
2) ALTITUDE CHANNEL
Define g hx = F h + g 21 β Tc , f hx = g 22 .
Given the negative coupling effect resulting from the sensor fault in velocity channel, the above-mentioned method cannot be used to design the estimation observer for altitude channel. The influence brings system parameter deviation in g hx and f hx . Thus, a novel backstepping SMO, which can estimate system parameter and sensor fault, is introduced Define
Then, the altitude system can be written as
A backstepping SMO is designed as follows: Assuming that the states of the nonlinear system in (44) can be tested, the control laws α i and v hc are designed. The error vector e h in (47) and its virtual one T are asymptotically convergent in finite time. In other words, the observer in (46) can estimate the system parameters and sensor fault quickly and accurately. Then, the existence of the observer should be demonstrated. α 1 (e h1 , e h2 ) and α 2 (e h1 , e h2 , e h3 ) are the control laws. In following parts, we will show the steps of fault estimation designing from the virtual controls through the proof of system stability. For ease of expression, we consider α 1 , α 2 as α 1 (e h1 , e h2 ) , α 2 (e h1 , e h2 , e h3 ), respectively. Assumption 2: constant M > 0,f hx +g hx δ e is bounded and satisfies
Proof:
Step 1: Consider the following Lyapunov function of T 1 :
where fault estimation errorf h = f h −f h ,f h is the estimation of f h . Its derivative with respect to time iṡ
Assumption 3: constant N > 0, and it satisfies
Then, we can select the adaptive lawf h = k 1 sgn(ḟ h ), where
Remark: From (47) we knowė h1 = e h2 −ḟ h , so when the system is stable we can getḟ h ≈ e h2 . Subsequently, e h2 can be the source of the signal ofḟ h .
Whenḟ h > 0,
whenḟ h < 0,
Then we can obtaiṅ
Step 2: Consider the following Lyapunov function of T 2 :
where α 1 is the virtual control of T 2 . We set this variable as
where k 2 > 0. Consequently, we obtaiṅ
(57)
Step 3: Consider the following Lyapunov function of T 3 :
where α 2 is the virtual control of T 3 . We set this variable as
(60)
Step 4: DefineM as the estimation of M andM = M − M ,Ṁ = −Ṁ . Consider the following Lyapunov function of T 4 :
Then, we can design the extra control as
where k 4 > 0. We select
where ε is a small positive parameter to be specified. Accordingly, we can obtaiṅ
Case 1 (T 4 > 0,f hx +g hx δ e > 0):
Case 2 (T 4 > 0,f hx +g hx δ e < 0):
Case 3 (T 4 < 0,f hx +g hx δ e > 0):
Case 4 (T 4 < 0,f hx +g hx δ e < 0):
From the four cases above, we can obtaiṅ
Therefore, we prove thatV T 4 ≤ 0 for any situation, which guarantees the asymptotic convergence of state estimation and fault estimation errorsf h . The fault accommodation is based on the rapid and reliable estimation results.
C. FTC DESIGN
From Lemma and the total prove in Section 3.B, we can get
After obtaining the estimation of the sensor faultsf v andf h , the output signals of velocity and height sensors can be compensated as follows:
where V com and h com are the compensated sensor signals, f v andf h are the fault estimation results, and V out and h out are original sensor output signals. Then, the previous V and hcan be totally replaced by V com and h com . Consequently, we can design the FTC of fault system as
where u com is the FTC law and G com , F com , ω com , s com are the new variables containing the compensated V com and h com . The stability prove is similar to SMC in (30),which is not detailed here. Therefore, using the fault estimation results, the FTC law (69) can compensate for the sensor fault and the system can track the reference command again.
IV. NUMERICAL SIMULATION
We verify the effectiveness of the proposed controller and observer with the simulation results. We assume that the HFV is at cruise mode with the following conditions:
We set the initial states as
Three cases, namely, normal case with fault-free estimation, fault estimation for multi-sensor faults, and the FTC case, are considered. Notably, parameter uncertainties and input disturbances are added in these cases to demonstrate the wide applicability of the entire scheme. The parameter uncertainties are selected as follows:
where GWN represents the Gaussian white noise with a power of 1.
All the parameters used in the proposed controller and observer are given in Table 1 . 
A. CASE A: FAULT-FREE
The output and input responses with nominal SMC are shown in Figs. 2 and 3, respectively. Figs. 2(a) and 2(b) show the velocity and altitude tracking performance, respectively. The velocity and altitude variables track the reference command at approximately 15 s, as shown in Fig. 2(a) . Fig. 3(a) shows that the deflection angle of the elevator reaches its maximum value 3.7 • at about 2 s while the angle of engine throttle reaches its maximum value 34.3 • at about 4.5 s. Input signals are all within the permissible limits and converge to some certain constants.
B. CASE B: FAULT ESTIMATION FOR MULTI-SENSOR FAULTS
Simulations are conducted using the fault estimation scheme above. The multi-sensor faults are chosen as follows:
The simulation results are shown in Fig. 4 . As shown in Fig. 4 , our estimation observer can immediately estimate the fault at 30 s and the error of the fault estimation is 0.01. Thus, the adaptive observer and the backstepping SMO can estimate the multi-sensor faults and provide a good estimating performance.
C. CASE C: SIMULATION WITH FTC
Figs. 5 and 6 show the response of velocity, altitude, and input with multi-sensor faults under nominal SMC or nonlinear FTC. When faults occur at 30 s, a noticeable drop in velocity and height is observed (Fig. 5 dotted lines) . As a result, elevator input δ e and engine throttle input β Tc also undergo very drastic changes to adapt to the obvious drop (Fig. 6 dotted  lines) . Such a quick drop is very dangerous and may cause the crash of the HFV. Therefore, FTC is needed to avoid such a drop and improve the system stability.
After the FTC, the significant drop no longer occurs and only minor disturbances in height are observed. The system with multi-sensor faults becomes a healthy and stable system again. Therefore, the simulations of the fault estimation and FTC results prove the effectiveness of the observer and controller.
V. CONCLUSION
This study investigates the tracking control problem for longitudinal dynamics of HFV subjected to multi-sensor faults. The nominal nonlinear SMC can track the reference command of velocity and altitude in about 12s. The adaptive observer estimates the fault in velocity channel with almost no overshoot and static error. Meanwhile, the backstepping SMO can handle the coupling influence that velocity sensor faults exerting on the altitude channel, and ensure the stability and accuracy of the estimation compared with adaptive observer. On the basis of nominal nonlinear SMC and fault estimation results, the nonlinear FTC alleviates the severe shaken impact of the vehicle and solves the tracking problem of multi-sensor faults. Our future works will focus on timevarying multi-sensor faults.
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